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The first genetic analyses of mechanisms that protect the genome against spontaneous mutations were performed in bacteria (Friedberg et al. 1995) , leading to the identification of DNA mismatch repair genes and the elucidation of the mechanism by which the repair machinery recognizes a DNA replication error and repairs the damage (for review, see Kolodner 1996; Modrich and Lahue 1996) . This field of research gained clinical relevance when a hereditary form of cancer, hereditary nonpolyposis colon cancer (HNPCC), was found to be the result of germ line mutations in human homologs of DNA mismatch repair genes (e.g., Fishel et al. 1993; Leach et al. 1993) . Also, many if not all sporadic human cancer cells display a mutator phenotype, meaning that they have enhanced levels of mutagenesis of some type: point mutations, frame shifts, gross chromosomal rearrangements, or aneuploidy. This has led to the hypothesis that the conversion of a wild-type cell into a mutator cell is an early event in carcinogenesis and that a mutator phenotype is causal to the development of cancer; multiple loss-of-function mutations in a limited number of genes are required for a regular cell to become a cancer cell (Fearon and Vogelstein 1990; Loeb 1991 Loeb , 2001 . Although the chances of several mutations coinciding in one cell are very low (the product of the chances for each mutation), a mutator's enhancement of the general level of mutagenesis greatly enhances the chance of the combination of mutations to arise.
Here we used RNA interference (RNAi) to systematically screen the nematode Caenorhabditis elegans genome for genes that, when inactivated, increase the level of spontaneous mutagenesis. We identified 61 genes with presumed roles in DNA repair, replication, chromatin organization, and cell cycle control. These mutator genes protect the C. elegans genome against insertion and deletion mutations in both the soma and the germline, and are thus potential tumor suppressors in higher species.
Results and Discussion
Genome-wide RNAi screens became feasible recently with the generation of a library of bacterial strains that each produce double-stranded RNA (dsRNA) for an individual nematode gene. The current library contains 16,757 bacterial strains that will target ∼86% of the 19,427 current predicted genes of the C. elegans genome, and the loss-of-function phenotype when performing systemic RNAi on a genome-wide scale is estimated to be ∼65% (Fraser et al. 2000; Kamath et al. 2003) . Animals fed these bacteria induce RNAi in almost all tissues of the nematode (Timmons and Fire 1998; Kamath et al. 2001) .
As a readout for increased DNA instability, we used a recently developed reporter assay that allows the detection of frameshifts and small insertions or deletions in somatic cells of C. elegans (Tijsterman et al. 2002) . In brief, a gfp-LacZ reporter construct is put out of frame by an A 17 mononucleotide DNA repeat cloned directly between the initiation ATG and the gfp-LacZ open reading frame (ORF; Fig. 1 ). The presence of such a DNA repeat will enhance the chances of a frameshift mutation to occur and therefore increase the sensitivity of the reporter system.
The transgene is integrated in the C. elegans genome as a multicopy array. Only constructs that acquire a mutation that brings the reporter LacZ gene back in frame will be visualized by a ␤-galactosidase staining. The advantage of LacZ over other colorimetric indicators (such as gfp) is that prolonged staining can visualize relatively low levels of expression. Therefore we can detect a frameshift in only one of the transgenic copies of the integrated high copy array. This shows up as a blue cell, or-if the frameshift occurred early during development-a patch of blue cells. Previously, we found that frequent blue patches, as a result of restoration of LacZ expression, are visualized in mismatch repair-deficient animals (msh-6 mutants). These patches were not observed in repair-proficient animals (Tijsterman et al. 2002) .
Using this assay we tested 16,606 genes by RNAi and found 61 genes whose knock-down phenotype results in somatic blue patches similar to those seen in msh-6deficient animals (Table 1) , a pattern indicative of a mutator phenotype. Among the identified genes are the four orthologs of human DNA mismatch repair genes, msh-2, msh-6, mlh-1, and pms-2 ( Fig. 1 ; note that these were recognized in blinded procedure, without the investigator knowing the gene identity). This four-out-of-four hit rate suggests a good coverage in this screen. The sequence of the identified genes was subsequently inspected for domain structures, and we searched the sequenced genomes of Homo sapiens, Drosophila melanogaster, Saccharomyces cerevisiae, and Schizosaccharomyces pombe for homologous genes. We termed genepairs orthologous if the reverse BLASTP identifies the original C. elegans sequence. Based on their sequence homology, we tentatively classified the identified putative mutator genes in five categories: (I) DNA repair and replication, (II) chromatin remodeling, (III) cell cycle, (IV) novel genes with orthologs in many species, and (V) genes that have no clear orthologs in other species.
Genes in the first class are involved in DNA repair and replication. Besides the mismatch repair genes, this category also includes replication protein A2 (M04F3.1), which is known to act in multiple DNA metabolic processes including DNA replication, nucleotide excision repair, and double-strand-break repair (e.g., New et al. 1998; Araujo et al. 2000; Walter and Newport 2000) , pme-1 (Y71F9AL.18), the C. elegans Parp [poly(ADP-ribose) polymerase], a polymerase involved in DNA damage response (Burkle 2001) , and the C. elegans homolog of REV1, which has been shown to function in mutagenic translesion synthesis (Wang 2001 ).
The second class of genes is involved in chromatin organization and remodeling. Although at present not much is known about the role of chromatin condensation in protecting DNA against damage, a role for such genes in genome stabilization has been described (Celeste et al. 2002) . Note also from this list that three proteins that are known to function in a complex are independently recognized: SIN3, HDAC1, and HDAC2 (Zhang et al. 1997) ; all show the mutator phenotype. This is also seen in the third class of genes, which have a putative role in cell cycle control. For example cdc5 and cdc14 work together in a mitotic checkpoint, and cell cycle arrest upon DNA damage is dependent on these genes (Stegmeier et al. 2002 and references therein) .
In addition, there are 29 genes that have not been described previously (Table 1 , categories IV and V). Genes in Table 1 , category IV, have clear orthologs in other species and many of them contain recognizable sequence motifs, for example, an exonuclease, which could point to a role in DNA repair and/or DNA synthesis. Other domains such as the GCN5 (GNAT) histone acetyltransferase domain, JmjC domain, and SET domains suggest that they are involved in chromatin remodeling (e.g., Kuo et al. 2000; Lachner and Jenuwein 2002) , indicating that the genes categorized in Table 1 , category IV, are not a separate class, but based on putative function, could be involved in the same DNA metabolic processes as the genes listed in categories I to III.
Can we be sure that the blue patched phenotype originates from frameshift mutations in the DNA and does not occur as shifts at the transcriptional or translational level? One clue is that most worms have a different pattern of blue patches. If shifts occurred at the transcriptional or translational level, one would expect that all worms would have the same pattern, for example, completely blue worms or one specific tissue. The variable pattern indicates a stochastic event in development. Another way to establish that these mutator genes indeed act at the level of mutations in DNA is to investigate whether RNAi of these genes results in a germline mutator phenotype, as one would expect that mutator genes act in the germline as well as in the soma to protect Strains that contain heat shock promoter-driven out-of-frame gfp-lacZ reporter gene fusions were assayed on dsRNA homologous to mlh-1, pms-2, msh-2, msh-6, M04F3.1, Y71F9AL.18 (pme-1), R06C7.7, and the empty vector control L4440. Two different out-of-frame constructs were tested, one containing a mononucleotide (A 17 ) repeat placed immediately downstream of the ORF's ATG (this reporter has been used to screen the RNAi library), the other identical except that it lacks the mononucleotide repeat.
progeny from harmful mutations. We performed two different assays to validate a possible germline mutator phenotype. (1) For three genes, we quantified the fre-quency of induced recessive lethal mutations in a balanced region of the genome (Rosenbluth et al. 1983 ): RNAi against M04F3.1 (encoding replication protein Table 1 . Genes that protect the C. elegans genome against mutations
The genes were identified on the basis of a mutator phenotype, as measured by the reversion of LacZ expression, upon growth on dsRNA homologous to the cognate C. elegans gene. MSI (microsatellite instability) indicate the situation where the reversion to proper LacZ expression depended on the presence of the mononucleotide repeat. Based on protein domain structure and sequence homology to known proteins, the identified genes were placed into five categories (homologous proteins in Homo sapiens, S. cerevisiae and S. pombe, are depicted). Panels I (DNA repair and replication), II (chromatin organization and remodeling) and III (cell cycle and check point) contain genes which at some level have been described in other species. Panel IV: Novel genes with clear orthologs in mammalian species. Panel V: Genes that have some level of homology to genes in other species or to C. elegans family members, but at present lack clear orthologous genes. Other notable RNAi induced phenotypes, i.e., a reduced broodsize (*), embryonic lethality ( # 10-30%; ## 30-60%, ### 60-100%), and slow growth ( †) are also indicated. The absence of such marking reflects that this phenotype has not been observed despite careful inspection. A2), pme-1, and R06C7.7 resulted in 14-, 9-and 8-fold elevated germline mutation frequencies above the wildtype control (data not shown), indicating that these genes protect the germline of C. elegans against mutations. (2) For 24 genes, we determined the mutation frequency using an endogenous monitor gene (Greenwald and Horvitz 1980 ; see also below). As shown in Figure 2 , 23 genes have a significantly increased germline mutation frequency compared to the wild-type control, indicating that these genes (and thus probably 96% of the genes that were identified) also protect the germline against mutations. Of this subset, only C17G10.4(RNAi), the putative ortholog of cdc14, does not show an increased germline mutation frequency, suggesting that this gene may only act in the soma to protect the DNA against mutations.
With this experimental approach, we expected to identify genes whose loss-of-function phenotype is the frequent occurrence of frameshifting mutations in particular DNA substrates (note the presence of the mono A repeat in the reporter) and which thus display not only a mutator phenotype but also a so-called microsatellite instability (MSI) phenotype. To test this presumption, we tested for all clones whether the reversion to proper LacZ expression depended on the presence of the mononucleotide repeat or whether this reversion would also occur in an out-of-frame lacZ lacking a repeat. As shown in Figure 1 , RNAi against the mismatch repair genes mlh-1, pms-2, msh-2, and msh-6 does not result in a blue-patched phenotype in the absence of this repeat, which is in good agreement with the MSI phenotype of tumor cells associated with a defect in DNA mismatch repair (MMR). In addition to these four, nine other RNAi clones (Table 1) induced the MSI phenotype, making these genes logical candidates to constitute the class of yet unidentified genes that are causally mutated in HNPCC or HNPCC-like patients.
Additionally, the screen resulted in 48 clones, for example, M04F3.1, pme-1, and R06C7.7 that induced reversion to correct lacZ expression independent of the presence of the mononucleotide repeat in the reporter (Fig. 1) , suggesting that the molecular lesion that leads to such reversion to in-frame LacZ expression occurs at alternative DNA substrates. Perhaps small insertions or deletion mutations are induced in DNA sequences that are positioned between the ATG and the LacZ coding region; the reporter contains an upstream GFP ORF fused to the LacZ ORF. To test this possibility directly, we determined the mutation spectrum for three of these genes, M04F3.1, Y71F9AL.18 (pme-1), and R06C7.7. RNAi against these genes was performed on unc-93 worms that carry a dominant mutation in the unc-93 gene rendering these worms immobile and egg-laying defective (Greenwald and Horvitz 1980) . Loss-of-function mutations in unc-93 results in wild-type movement and egg laying, and thus loss-of-function mutations in this mutational target can easily be isolated and subsequently identified by sequencing the unc-93 ORF. Table 2 lists the molecular nature of the mutations that are induced in M04F3.1(RNAi), Y71F9AL.18(RNAi), and R06C7.7(RNAi), which are primarily small deletion or insertion events. Strikingly, these DNA alterations did not preferentially occur at sequences that have a repeated nature, which explains why, in the somatic mutator assay, LacZ expression is restored in transgenes that lack the mononucleotide repeat ( Fig. 1) . This outcome differs from the frameshift-resulting mutations in mismatch repair-deficient animals-those occur solely in repeated nucleotide tracts present in the unc-93 mutational target (Tijsterman et al. 2002) -and suggests that the processes (or their disturbance) that can trigger such mutational events are functionally different for these different types of mutator genes.
In this study we systematically screened the C. elegans genome for genes that protect the genetic information against mutations. This screen was certainly not saturated: the RNAi library covers 87.2% of all predicted genes, and RNAi does not always efficiently result in a loss-of-function phenotype [estimates suggest knock-out phenotypes for 65% of the genes if all phenotypes are taken into account (Fraser et al. 2000; Kamath et al. 2003) ]. The screen we describe here does not depend on the silencing of a gene in a given tissue or stage of development: as long as some sublineages are hit, one will see blue patches. Thus it would not be surprising if the success rate is >65%. To evaluate the hit rate of this screen further, we retested a collection of genes (in triplicate) that are known or expected to be involved in various types of DNA metabolic processes (Boulton et al. 2002 and references therein; e.g., base excision repair, nucleotide excision repair, homologous and nonhomologous recombination, DNA damage checkpoint, and DNA replication). Of 73 genes tested, 17 clones scored positive: 13 were previously identified in the genomewide RNAi screen, but 4 were initially missed, confirming the notion of a certain degree of interexperimen- unc-93 (e1500) , in which mutations can be recognized based on altered movement of the animal (Greenwald and Horvitz 1980 ) is used to determine the level of spontaneous mutagenesis levels in the C. elegans germline. This assay was performed for 24 genes (Y-axis), several from each category listed in Table 1 . As a control, the empty vector L4440 was assayed. The X-axis represents the number of independent unc-93 (e1500) cultures that showed revertant worms. *, p < 0.05; **, p < 0.001; ***, p < 0.0001; using the Chi-square test. The absolute number of cultures that contained revertants versus the total number of cultures analyzed is also indicated. The mutational loads in msh-2(RNAi), mlh-1(RNAi), and pms-2(RNAi) being 18/187, 16/183, and 16/168, respectively, were determined in a separate experiment with a reduced background level of mutations: 3/177. tal variation in high-throughput genome-wide RNAi screens. Also note that the effectiveness of RNAi in knocking down gene expression can be variable for individual genes, and the mutation frequency for the genes we analyzed are therefore not the mutation frequency of null alleles per se. In support, the elevated mutation frequency by msh-6(RNAi) is lower than the increase in mutation frequency as a result of a genetic knockout: msh-6(pk2504).
One advantage of screening an RNAi library is that essential genes can also be recognized (Table 1) ; these are usually overlooked by normal forward screens. In these cases, the blue patches are seen either in sick or sterile animals, or in "escapers": animals that have escaped the embryonic lethal phenotype but have inherited the RNAi effect, leading to reduction of function of the relevant gene in somatic tissues. In the complete set of genes we found 19 mutator genes that also cause embryonic lethality, reduced brood size, or a severe growth delay (Table 1 ).
In total, 61 genes were identified. Of these, 82% have clear orthologs in the human genome. This is much higher than the estimated value of all genes that have a counterpart encoded by the human genome (only 53% of the C. elegans genes that have been studied genetically or biochemically show homology to genes in other species; Reinke et al. 2000) , confirming that the genes protecting the genome's integrity are ancient and well conserved. Forward mutator screens have been done with bacteria and yeast. An advantage of screening with C. elegans is that as a multicellular organism, it can have supplemental mechanisms for DNA protection, which may not exist in unicellular organisms. Indeed, we recognized several genes that are present in human and fly but not in yeast (Table 1 ), suggesting that multicellular organisms have indeed evolved additional mechanisms to protect the integrity of the DNA.
Normal somatic cells transform into malignant cancer cells after multiple gene inactivations. These gene inactivations are probably inflicted by the mutator phenotype that many or all cancer cells have. In, for example, mismatch repair-deficient tumors, there is an increased mutation frequency that is often seen as DNA repeat instability. There are still tumor suppressor genes to be discovered; we suggest that among the genes identified in this screen are somatic mutators that cause human cancers.
Materials and methods

Genome-wide RNAi screen
The RNAi library and the RNAi feeding protocol are described by Ahringer and coworkers (Kamath et al. 2001 ). E. coli clones containing dsRNA producing feeding constructs were grown overnight at 37°C in LB containing ampicillin. Agar plates were seeded with these cultures, incubated overnight at room temperature and then seeded with 2-4 worms of strain NL3400: pkIs1604 [rol-6(su1006) hsp16/2ϻATG(A) 17 gfp/lacZ (out of frame)] at the L3/L4 developmental stage. Nematodes were grown at 20°C for 5 d, washed off the plates, fixed, and stained for the presence of ␤-galactosidase with X-gal. Positive feeding clones were tested again in triplicate and with strain NL3401: pkIs1605 [rol-6(su1006) hsp16/2ϻgfp/ lacZ(out of frame)]. For all clones that induced the mutator phenotype, plasmids were isolated and the dsRNA encoding DNA sequence was sequenced.
unc-93 reversion assay
On 50 assay plates (9-cm Petri dishes seeded with RNAi food), 30 unc-93 (e1500) animals of the L1 stage were placed, grown until food deprivation (the F1 was also directly inspected for revertants to exclude spontaneous mutations in earlier generations; none were found), and subsequently transferred twice to fresh RNAi assay plates (similar numbers of worms The remainder are single base pair substitutions (not depicted).
were transferred). Then, cultures were scored for the presence of worms that had reverted to a wild-type phenotype. The number of plates that contain such revertants was taken as a measurement for the germline mutation frequency. For RNAi against genes M04F3.1, Y71F9AL.18, and R06C7.7, this procedure was repeated three times to obtain a sufficient number of mutations that are within the unc-93 gene (note that inactivation of at least five different loci suppress the unc-93 phenotype). In all animals, the unc-93 gene was sequenced.
